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Drug Discovery 
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Structure-based  
Computational Drug Discovery 

Compound 
Library 

Millions of 
Molecules 
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Previously :                  1 protein   104  ligands                ~days 
Presently   :                  1 protein   107  ligands                1 day 
 

J. Comp Chem 32 1202 (2011) 
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Drug Discovery 



Drug can bind protein of interest 

…but also undesired 
proteins 

Presently:                      1 protein    107 ligands                1 day 
~10PF:                       100 proteins   106  ligands                      1 day 

10-100 Petaflops: 
Drugome Exploration,  

Drug Toxicity, Repurposing 

Exascale :              1,000 proteins  107 ligands                        1 day 



Cellulosic Ethanol 
Fermentation 

Cellulosic 
Biomass 

Fuel 

Breakdown 
into sugars 

Hydrolysis 

Recalcitrance! 

Strong 
Fermentation 
Tradition in TN! 



Molecular Dynamics 



DOE INCITE: 
MD Simulation of Softwood Lignin  

Petridis et al JACS 133 20277 (2011) 



Lignin Aggregation During  
Heating Phase 

 of Dilute-acid Pretreatment   

cellulose 
lignin 
hemi-
cellulose heating cool-

down 

aggregation occurs during heating 

aggregation occurs during cool-down 



•  Enthalpy  
•  !H " +200 kJ/mol Unfavorable 

Collapse Driven by Removal of 
Entropically Unfavorable Water 
Molecules from Lignin Surface to Bulk 

!G=!H-T!S 

Why does Lignin Collapse  
at Room Temperature?  

collapsed extended 

•  Lignin configurational entropy  
•  -T!Sconf" +10 kJ/mol Unfavorable 

•  Hydration water translational & rotational 
entropy  

•  -T!St+r " -100 kJ/mol  Favorable 

•  Hydration water compressibility 
•   -T!Sfluc " -300 kJ/mol Favorable 

Petridis et al JACS 133 20277 (2011) 



Are Lignin Aggregates Spheres?  

Biomass Pretreatment  



The image cannot be displayed. Your computer may not 
have enough memory to open the image, or the image 
may have been corrupted. Restart your computer, and 
then open the file again. If the red x still appears, you 
may have to delete the image and then insert it again.
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Lignin 
Aggregates 
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Small-Angle  
Neutron Scattering 

Molecular 
Dynamics 

ds=2.65±0.01 

Petridis et al Physical Review E 83(61):061911 (2011) 



Surface Fractals over  
Three Orders of Magnitude 

Rg=42Å Rg=420Å 

Enzyme:lignin 
interaction 
distribution 

Rg=4.2Å 

Petridis et al Physical Review E 83(61):061911 (2011) 





Lignin Precipitation  

on Cellulose 



Interface Interaction  
Energy Density 
(kJ/mol/nm2) 

lignin:  
crystalline cellulose 

     -49±2 

lignin: 
 noncrystalline cellulose 

     -50±2 

water :  
crystalline cellulose 

     -94±2 

water :  
non-crystalline cellulose 

   -107±2 

Solvent-Driven Preferential Association of Lignin 
with Crystalline Cellulose 

Interface Interaction  
Energy Density 
(kJ/mol/nm2) 

lignin:  
crystalline cellulose 

     -49±2 

lignin: 
 non-crystalline cellulose 

     -50±2 



New View of Pretreatment 

cellulose 
lignin 
hemi-cellulose 

Room T 

T~150°C 

Room T 



Supercomputer Scaling 

~ 100 million atoms.  
 
•   Scales to 150,000 cores  

J. Chem. Theo. Comp. 5 2798 (2009) 



Exascale 

 
 
 
 
 
   

10PF 

Petascale 

Multiscale Structure and 
Dynamics 
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solution diffraction 
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reflectometry 

vibrational 

Cluster 



24M-atom capability-class 
simulation  

of enzyme binding  
to pretreated lignocellulose 



Hydrolysis of biomass by Clostridium thermocellum 

300M atom biomass-
microbe simulation 

 
 

10PF? 



Human Embryonic Stem Cell 

1010 atoms  
= Living Cell Exascale? 



But… 

Microsecond Timescale Limitation!  

New Concepts Needed…. 



Exascale Concepts 
FRANK NOE 

JCP 126 840 (2007); 134 244108 (2011); PNAS 108 4822 (2011) 

Dynamical  
Fingerprints 



Co-workers 
 
Barbara Collignon 
Benjamin Lindner 
Roland Schulz 
Loukas Petridis 
Sally Ellingson 
 
 
Collaborators 
 
Ilia Horenko, Frank Noe 
Christof Schuette (FU Berlin) 
John Chodera (UC Berkeley) 
Venky  Pingali, Barbara  Evans,  
William Heller, Volker Urban,  
Alexei Sokolov (ORNL) 
Marcus Foston,  
Art Ragauskas (GaTech) 
Jerome Baudry (U. Tenn.) 
 Funding 
U.S. Dept. of Energy (Office of Science BER, 
ASCR) 
NSF Biosystems Cluster 
NIH Translational Medicine 
DFG 
DOE INCITE. 
 

Roland 
Schulz 




